The similarity between the behavior of malignant cells and that of embryonic cells has resulted in the notion of "cancer stem cells (CSCs)". Similar to embryonic stem/precursor cells in organogenesis, it has been reported that in various malignancies[@b1][@b2][@b3][@b4][@b5][@b6], CSCs possess the ability to self-renew and differentiate into heterogeneous progenies, with high motility and proliferation rates[@b7][@b8]. In addition, the properties of CSCs include an ability to initiate tumor formations by xenotransplantation and resistance to chemotherapy and radiotherapy[@b9][@b10]. Therefore, identification of CSC markers and efforts to elucidate their relevance in cell signaling pathways potentially lead to the establishment of new therapeutic strategies. In hepatocellular carcinoma (HCC), various molecules expressed during hepatic organogenesis such as epithelial cell adhesion molecule (EpCAM), cluster of differentiation (CD) 90, CD133, CD24, CD13, sal-like protein 4 (SALL4), and keratin 19 (K19), have been reported as CSC markers, and the expressions of these markers have been shown to correlate with a poor prognosis of the patients[@b11][@b12][@b13][@b14][@b15][@b16][@b17]. However, there is still a lack of an easily identifiable CSC marker that could be evaluated by blood samples, and this has prevented us from fully predicting the patients' outcomes or evaluating the therapeutic efficacy in patients with HCC.

Sex determining region Y-box 9 (SOX9) is involved in the organogenesis of several tissues and organs, including the testis, heart, lung, pancreas, hair follicles, retina, and the central nervous system[@b18][@b19][@b20][@b21][@b22][@b23][@b24]. In general, its function is to maintain cells at an undifferentiated state during development, and connected with many cell signaling pathways such as the Notch, transforming growth factor beta (TGFb)/Smad, and Wnt/beta-catenin pathways[@b25][@b26][@b27]. In hepatogenesis, SOX9 expression is first detected in the specification of cholangiocytes; bi-potent SOX9^−^ negative hepatoblasts lining the portal vein asymmetrically divide and differentiate to form SOX9^+^ cholangiocytes on the portal side and SOX9^−^ negative hepatoblasts on the parenchymal side[@b23]. After the maturation step, in which TGFb/Smad signaling is activated, the biliary tube becomes entirely composed of SOX9^+^ cholangiocytes[@b26]. Thus, SOX9 expression is confined to the bile duct, while hepatocytes do not express SOX9 during embryogenesis; this expression pattern persists in adulthood[@b28]. Notably, previously reported HCC-CSCs markers such as EpCAM, CD90, CD133, CD24, CD13, SALL4, and K19 are all expressed in the embryonic liver, while their expressions are not normally detected in adult hepatocytes. Considering the results of two independent lineage tracing studies, which demonstrated that embryonic SOX9^+^ cells possess an ability to differentiate into hepatocytes[@b29][@b30], we hypothesized that SOX9 is an excellent candidate CSC marker in human HCC. To test this hypothesis, we sorted SOX9^+^ cell population from several human HCC cell lines and analyzed their CSC characteristics. While our analyses were in progress, Liu *et al*. reported that SOX9 is highly expressed in Nanog^+^ HCC cells and SOX9 regulates self-renewal/tumorigenicity in HCC[@b31]. However, it is still unknown what signals are responsible for the maintenance of stem cell properties in SOX9^+^ HCC-CSCs. In this study, we demonstrate that SOX9 is required for the activation of TGFb/Smad pathway and that Wnt/beta-catenin signaling is constitutively and more highly activated in SOX9^+^ cells compared to SOX9^−^ population. Moreover, we provide evidence that osteopontin (OPN), another downstream target of the Wnt/beta-catenin pathway[@b32], is regulated by SOX9 and highly expressed in the blood samples from the patients bearing SOX9^+^ HCC, putting OPN as a surrogate marker of SOX9 in human HCCs.

Results
=======

EGFP-marking of the SOX9^+^ cell populations in heterogeneous HCC cell lines
----------------------------------------------------------------------------

Our RT-PCR analyses showed that all HCC lines tested (Huh7, HLF, PLC/PRF/5, and Hep3B) expressed SOX9 ([Supplemental Fig. 1A](#S1){ref-type="supplementary-material"}). Histologically, all cell lines contained both SOX9-expressing and non-expressing cells. To mark SOX9^+^ and SOX9^−^ cells, we transfected the SOX9-EGFP reporter vector into the four cell lines ([Supplemental Fig. 1B](#S1){ref-type="supplementary-material"}). Double staining of SOX9 and GFP confirmed that our selective GFP-labeling successfully marked SOX9-expressing cells, with an efficiency of \>95% ([Supplemental Fig. 1C](#S1){ref-type="supplementary-material"}). The ratios of SOX9^+^ cells were different among all cell lines, and this was reflected by our FACS results; 16.9% ± 3.5% of the Huh7 cells, 30.8% ± 2.9% of the HLF cells, 23.5% ± 4.8% of the PLC/PRF/5 cells, and 14.2% ± 3.7% of the Hep3B cells (*n* = 3) expressed EGFP ([Supplemental Fig. 1D](#S1){ref-type="supplementary-material"}). PCR analyses confirmed an equal copy number of the reporter gene detected in the sorted EGFP^−^ and EGFP^+^ cells ([Supplemental Fig. 1E](#S1){ref-type="supplementary-material"}). Expressions of previously reported HCC-CSCs markers were evaluated in SOX9^+^/SOX9^−^ cells ([Supplemental Fig. 1F](#S1){ref-type="supplementary-material"}).

CSC-like properties of SOX9^+^ cells *in vitro*
-----------------------------------------------

To test if the SOX9^+^ cell population behaved as CSCs, we first performed single-cell culture analyses to examine its self-renewal activity and multi- or bi-potency. Notably, the single SOX9^+^ Huh7 cell reproducibly differentiated to SOX9^+^ and SOX9^−^ cells, whereas the single SOX9^−^ Huh7 cell generated only a SOX9^−^ cell fraction ([Fig. 1A](#f1){ref-type="fig"}). Next, we compared the SOX9^+^ and SOX9^−^ Huh7 cells in terms of their proliferation, anchorage-independent growth, and sphere-forming ability. We found that SOX9^+^ cells showed higher proliferation activity ([Fig. 1B](#f1){ref-type="fig"}) and formed more colonies in soft agar ([Fig. 1C](#f1){ref-type="fig"}). In addition, sorted SOX9^+^ Huh7 cells showed superior sphere-forming ability; large spheres formed in higher frequency compared to in SOX9^−^ Huh7 cells ([Fig. 1D](#f1){ref-type="fig"}).

CSCs are known to show strong resistance to chemotherapy[@b9]. Herein, we found that SOX9^+^ Huh7 cells were significantly more resistant to 5-fluorouracil (5-FU) than SOX9^−^ Huh7 cells, with half-maximal inhibitory concentrations (IC~50~) values of 2.5 × 10^−4^ M and 4.9 × 10^−5^ M for SOX9^+^ and SOX9^−^ Huh7 cells, respectively ([Fig. 1E](#f1){ref-type="fig"}). To explain the observed 5-FU resistance, our quantitative reverse transcription (qRT)-PCR analysis revealed that the expression of multidrug-resistance protein-5 (MRP5), a key drug transporter of 5-FU[@b33], was significantly higher in SOX9^+^ cells ([Fig. 1E](#f1){ref-type="fig"}).

Based on these findings, we concluded that SOX9^+^ Huh7 cells have the ability to self-duplicate and differentiate into other cell type, thus showing higher malignant potential than SOX9^−^ Huh7 cells. These results were consistent in all HCC cell lines tested, including the HLF, PLC/PRF/5, and Hep3B cell lines ([Supplemental Fig. 2B--E](#S1){ref-type="supplementary-material"}). Taken together, these findings indicate that SOX9^+^ HCC cells possess the characteristics of CSCs *in vitro*, including the ability of bi-potent differentiation with self-renewal, high proliferation, colony and sphere formation, and resistance to 5-FU.

Xenotransplantation into immunodeficient mice
---------------------------------------------

To explore the CSC properties of SOX9^+^ cells *in vivo*, we transplanted SOX9^+^ or SOX9^−^ cells, derived from a single culture of SOX9^+^ Huh7 cells, into the backs of NOD/SCID mice. When 1.0 × 10^4^ cells were transplanted, SOX9^+^ cells reproducibly formed larger tumors than SOX9^−^ cells although the difference was not statistically significant ([Fig. 2A](#f2){ref-type="fig"}). Notably, the tumor initiating frequency was significantly higher in SOX9^+^ cells compared to SOX9^−^ cells as calculated by the limiting dilution experiments ([Supplemental Tables 1](#S1){ref-type="supplementary-material"} and [2](#S1){ref-type="supplementary-material"}). The lower tumor-forming ability of SOX9^−^ cells was confirmed in the serial transplantation of 1.0 × 10^4^ cells (87.5% in SOX9^+^ cells and 12.5% in SOX9^−^ cells) ([Fig. 2B](#f2){ref-type="fig"}, [Supplemental Table 1](#S1){ref-type="supplementary-material"}). Consistent with the *in vitro* single cell culture experiments, immunohistological and FACS analyses revealed that the tumors originating from SOX9^+^ cells consisted of both SOX9^+^ and SOX9^−^ cell fractions, whereas those from SOX9^−^ cells contained only a SOX9^−^ cell fraction ([Fig. 2C,D](#f2){ref-type="fig"}). This bi-potent differentiation ability of SOX9^+^ tumor was confirmed by FACS analyses of the tissue obtained from the serial transplantation experiments ([Fig. 2D](#f2){ref-type="fig"}). We obtained similar results with the HLF, PLC/PRF/5, and Hep3B cell lines ([Supplemental Fig. 3A--D](#S1){ref-type="supplementary-material"}, [Supplemental Tables 1](#S1){ref-type="supplementary-material"} and [2](#S1){ref-type="supplementary-material"}). These results clearly demonstrate that SOX9^+^ cells possess the capacity to replicate, to generate heterogeneous lineages of cancer cells, and to initiate tumor formations *in vivo*.

Involvement of SOX9 expression in EMT through TGFb/Smad signaling
-----------------------------------------------------------------

Recently, the pathogenesis of EMT has been reported to be closely connected to the CSC properties[@b34]. It is well known that TGFb/Smad signaling plays a central role in EMT; activation of this signaling pathway upregulates snail expression, which in turn triggers EMT, resulting down-regulation of E-cadherin and increased expression of vimentin[@b35][@b36]. Our qRT-PCR assays revealed that SOX9^+^ Huh7 cells had significantly higher TGFbR2 expression than SOX9^−^ cells at the steady state, whereas there were no significant differences in the expression of snail1, E-cadherin, or vimentin without TGFb stimulation ([Fig. 3A](#f3){ref-type="fig"}). Upon TGFb stimulation, SOX9^+^ cells induced the higher pSmad2 expression in than in SOX9^−^ cells ([Fig. 3B](#f3){ref-type="fig"}). Since TGFb-stimulated pSmad2 induction was suppressed by SOX9 knockdown in SOX9^+^ cells and rescued by transgene-based SOX9 overexpression in SOX9^−^ cells, activation of TGFb/Smad signaling is SOX9-dependent ([Fig. 3B](#f3){ref-type="fig"}). In accordance with the higher expression of TGFbR2 at the steady state, activation of TGFb/Smad signaling is mediated via Type 2 receptor, since dual TGFbR1/R2 inhibitor LY2109761 but not Type 1 receptor-specific inhibitor LY2157299 suppressed pSmad2 induction in SOX9^+^ cells ([Fig. 3C](#f3){ref-type="fig"}). Remarkably, upon TGFb stimulation (10 ng/ml for 24 h), SOX9^+^ Huh7 cells, but not SOX9^−^ cells, developed an EMT expression profile including down-regulation of E-cadherin and up-regulation of snail1 and vimentin expressions ([Fig. 3D](#f3){ref-type="fig"}). Additionally, *in vitro* wound healing and migration assays revealed that upon TGFb stimulation, SOX9^+^ cells displayed significantly greater motility than SOX9^−^ cells ([Fig. 3E,F](#f3){ref-type="fig"}). These results indicate that TGFb/Smad signaling is activated more easily and efficiently in SOX9^+^ Huh7cells than in SOX9^−^ population. Significance of TGFb/Smad signaling in CSC properties is supported by our functional rescue experiments that, upon the stimulation of the higher dose of TGFb1 (30 ng/ml), sphere forming and proliferation ability of SOX9^−^ Huh7 cells was accelerated to the same level of non-treated SOX9^+^ cells (compare [Supplemental Fig. 4](#S1){ref-type="supplementary-material"} and [Fig. 1B](#f1){ref-type="fig"},D). Similar results were obtained with the HLF, PLC/PRF/5, and Hep3B cell lines (data not shown).

Activation of the Wnt/beta-catenin pathway in SOX9-expressing cells
-------------------------------------------------------------------

Another signaling pathway involved in CSC maintenance is the Wnt/beta-catenin pathway[@b34][@b37]. To test the activity of the Wnt/beta-catenin pathway in SOX9^+^/SOX9^−^ cells, we selected the HLF and PLC/PRF/5 cell lines, owing to their relatively high SOX9 expression among the four cell lines ([Supplemental Fig. 1A](#S1){ref-type="supplementary-material"}). Compared to the SOX9^−^ population, we found a more nuclear localization of beta-catenin in SOX9^+^ HLF and PLC/PRF/5 cells, indicating activation of the Wnt/beta-catenin pathway in these cells at the steady state (indicated as control in [Fig. 4A](#f4){ref-type="fig"}). To confirm that SOX9 regulates the Wnt/beta-catenin pathway, we performed gain/loss of SOX9 function experiments. In SOX9^+^ HLF and PLC/PRF/5 cells, siRNA-based SOX9 knockdown significantly decreased the ratio of activated beta-catenin^+^ cells, the TCF/LEF activity, the proliferation ability, and the cyclin D1 expression ([Fig. 4A−D](#f4){ref-type="fig"}). On the other hand, SOX9 overexpression in SOX9^−^ HLF and PLC/PRF/5 cells consistently and significantly increased the ratio of activated beta-catenin^+^ cells, the TCF/LEF activity, the proliferation ability, and the cyclin D1 expression ([Fig. 4A--D](#f4){ref-type="fig"}). Involvement of Wnt/beta-catenin pathway in CSC property is supported by the observation that SOX9^−^ cells showed accelerated sphere forming and proliferation activity by the stimulation of CHIR99021, an activator of Wnt/beta-catenin pathway, to the same level of non-treated SOX9^+^ cells (compare [Supplemental Fig. 5](#S1){ref-type="supplementary-material"} and [Fig. 1B](#f1){ref-type="fig"},D).

A previous report suggested OPN, a component of the extracellular matrix, as a downstream target of the Wnt/beta-catenin pathway[@b32] and its expression has been demonstrated to correlate with SOX9 in liver fibrosis[@b38][@b39]. These findings prompted us to examine whether there exists mutual regulation between SOX9 and OPN that in turn activates the Wnt/beta-catenin pathway. In the present study, the level of OPN expression was found to correlate with the SOX9 expression in all four HCC cell lines tested, and qRT-PCR assays revealed that sorted EGFP^+^ cells, that is, SOX9^+^ cells, showed significantly higher OPN expression than EGFP^−^/SOX9^−^ cells in the HLF and PLC/PRF/5 cell lines ([Fig. 5A](#f5){ref-type="fig"}). Furthermore, we found that OPN expression was suppressed by SOX9 knockdown and elevated by SOX9 overexpression ([Fig. 5B](#f5){ref-type="fig"}). In contrast, gain/loss of OPN function did not affect SOX9 expression ([Fig. 5C](#f5){ref-type="fig"}) and caused no apparent changes in the ratio of activated beta-catenin^+^ cells, the proliferation ability, or the cyclin D1 expression ([Fig. 5D--F](#f5){ref-type="fig"}). Based on these results, we concluded that SOX9, not OPN, activates the Wnt/beta catenin pathway in HCC cells and that mutual regulation between SOX9 and OPN does not exist.

SOX9/OPN expressions in human HCC surgical specimens and their clinicopathological significance
-----------------------------------------------------------------------------------------------

To examine the SOX9 expression in human HCC clinical samples, 166 surgically resected primary HCC tumors, including 104 cases of hepatectomy and 62 cases of liver transplantation, and 11 metastatic HCC tumors, were subjected to immunohistochemistry. SOX9 expression in primary HCC nodules was observed in 37/104 (36%) cases in the resection group and in 20/62 (32%) cases in the transplantation group ([Fig. 6A](#f6){ref-type="fig"}). Notably, we observed a higher incidence of SOX9 expression (9/11 cases \[82%\]) in the metastatic nodules. In detail, 3/3 metastatic nodules originating from SOX9^+^ primary lesions expressed SOX9; among the 8 cases in which apparent SOX9 immunoreactivity was not detected in the primary lesion, 6 metastatic nodules showed SOX9 expression ([Fig. 6B](#f6){ref-type="fig"} and [Supplemental Table 3](#S1){ref-type="supplementary-material"}), suggesting that SOX9 expression is associated with postoperative tumor recurrence/metastasis in HCC.

Supporting this notion, the SOX9^+^ patients had significantly lower relapse-free survival (RFS) with the median RFS being 378 days for SOX9^+^ patients and 765 days for SOX9^−^ patients in the resection group, and 2344 days and 2746 days in SOX9^+^ and SOX9^−^ patients, respectively, in the transplantation group ([Fig. 6C](#f6){ref-type="fig"}). However, the overall survival did not show significant differences according to the SOX9 expression status ([Supplemental Tables 4](#S1){ref-type="supplementary-material"} and [5](#S1){ref-type="supplementary-material"}). The significance of SOX9 expression in predicting postoperative recurrence was confirmed by the log-rank test and multivariate analysis in the resection and transplantation groups ([Table 1](#t1){ref-type="table"} and [Supplemental Tables 4](#S1){ref-type="supplementary-material"} and [5](#S1){ref-type="supplementary-material"}). Interestingly, SOX9 expression was found to correlate with venous invasion in both the resection and transplantation groups ([Fig. 6D](#f6){ref-type="fig"}, resection group; *P* = 0.032, transplantation group; *P* = 0.037).

Our finding that SOX9 regulates OPN expression in HCC cell lines ([Fig. 5A--C](#f5){ref-type="fig"}) prompted to test if OPN could be used as a surrogate marker of SOX9 in human HCCs. As shown in [Supplemental Fig. 4](#S1){ref-type="supplementary-material"}, we observed a significant correlation between the expressions of SOX9 and OPN in the human HCC samples (*P* \< 0.01). Especially, in metastatic HCC nodules, OPN expression was detected in 9/9 (100%) and 0/2 (0%) patients with SOX9^+^ and SOX9^−^ HCC primary nodules, respectively. In addition, we measured the serum OPN level using the available 68 blood samples in the resection group and found that it was significantly higher in SOX9^+^ (n = 28, mean = 179 ng/mL) than in SOX9^−^ patients (n = 40, mean = 86 ng/mL) ([Fig. 6E](#f6){ref-type="fig"}). It should be noted that receiver operating characteristics (ROC) analysis revealed that the serum OPN level was a more sensitive indicator of SOX9 expression in the tumors compared to alpha-fetoprotein (AFP) and protein induced by vitamin K antagonists-II (PIVKA-II) ([Fig. 6E](#f6){ref-type="fig"} and [Supplemental Table 6](#S1){ref-type="supplementary-material"}). Consistent with the finding that SOX9 expression in the tumor was a good indicator of tumor recurrence, the serum OPN, but not AFP or PIVKA-II, level showed a significant correlation with the RFS in our analyses ([Fig. 6F](#f6){ref-type="fig"}).

Discussion
==========

In this study, we used SOX9-promoter driven EGFP-marked cells to isolate SOX9^+^ populations in human HCC cell lines and demonstrated that SOX9^+^ cells possess the ability to self-renew and to differentiate into SOX9^−^ cells. Moreover, SOX9^+^ cells showed a higher proliferation ability, colony/sphere forming ability, and resistance to 5-FU *in vitro*. In addition, by xenotransplantation into NOD/SCID mice, we revealed that SOX9^+^ cells formed larger tumors at a higher frequency, retaining the differentiation ability to SOX9^+^ and SOX9^−^ populations. Taken together, these results clearly show that SOX9 fulfills various aspects of CSCs in human HCC cell lines.

Considering the pivotal functions of various signaling pathways in the maintenance and differentiation of embryonic stem/progenitor cells, including the Notch, TGFb/Smad signaling, and Wnt/beta-catenin signaling pathway[@b21][@b23][@b25][@b26][@b27], it can be easily imagined that such signals also function in CSCs. As a matter of fact, the activation of TGFb/Smad signaling causes EMT both in the embryonic formation of several tissues/organs and during cancer progression including HCC[@b36][@b37][@b40]. Herein, we demonstrated that SOX9^+^ cells shed their epithelial properties and acquire more migratory mesenchymal cell-like characteristics by TGFb stimulation, indicating that SOX9^+^ cells possess high metastatic potential.

Previous reports have shown the involvement of the Wnt/beta-catenin pathway in controlling the proliferation and differentiation of embryonic stem/progenitor cells and CSCs[@b41][@b42]. In HCC-CSCs, it has been previously reported that Wnt/beta-catenin pathway, a major signaling pathway affecting hepatocarcinogenesis[@b43], regulates EpCAM expression[@b11]. Reduction of EpCAM expression by siRNA suppressed tumor invasion, sphere formation, and the incidence of tumor formation by xenotransplantation in HCC cell lines[@b11]; however, it remains unclear whether EpCAM directly regulates the Wnt/beta-catenin pathway activity. As to the role of SOX9 in the Wnt/beta-catenin pathway, there seems distinct mechanism were reported; SOX9 negatively regulates Wnt/beta-catenin pathway in chondrocytes differentiation[@b44], while another report showed that SOX9 is activated as a downstream target of Wnt/beta-catenin pathway in the initial step or basal cell carcinoma formation[@b45]. In the present study, we provided evidence that SOX9 activates Wnt/beta-catenin pathway in human HCC cell lines; our gain/loss of SOX9 function experiments showed increase/decrease in nuclear-localized beta-catenin expression and its downstream targets including cyclin D1 and OPN. These findings strongly suggest SOX9 as a regulator of HCC-CSC characteristics through Wnt/beta-catenin pathway.

Our analyses using human samples supported the relevance of SOX9 in the maintenance of CSC properties. Compared to those with SOX9^−^ tumors, patients with SOX9^+^ tumors exhibited significantly shorter RFS, with a higher incidence of venous invasion. Reflecting this, SOX9 expression was more frequently detected in metastatic HCC lesions of patients with both SOX9^+^ and SOX9^−^ primary HCCs; about 90% in the metastatic regions and 30% in the primary HCCs. The reason why SOX9 expression was detected in metastatic lesions from SOX9^−^ primary tumors may be the threshold of immunoreactivity of SOX9 staining; that is, there may have been a small number of SOX9^+^ HCC cells in the primary tumor that were not detected by immunohistochemistry. Alternatively, transdifferentiation into SOX9^+^ cells may occur in the process of metastasis in which EMT and MET play pivotal roles, and that could not recapitulated in the culture experiments.

Expression of OPN in the liver is connected with fibrosis and chronic inflammation and it has been reported to be a useful marker of early HCC and postoperative recurrence[@b46][@b47]. Herein, we showed significance of OPN in HCC-CSCs; we provided evidence that OPN is regulated by SOX9-mediated Wnt/beta-catenin pathway in HCC cell lines. Furthermore, we revealed that SOX9 expression was significantly correlated with the serum OPN level in human cases, and that its efficacy in identifying SOX9 expression in the tumors was superior to conventional tumor markers such as AFP and PIVKA-II.

In conclusion, the results of our study indicated that SOX9 is a novel HCC-CSC marker regulating the Wnt/beta-catenin pathway and its downstream target OPN, and that OPN is a useful surrogate marker of SOX9 in HCC. We believe that further studies of SOX9-related mechanisms will contribute to the development of novel therapeutic approaches in HCC treatment.

Methods
=======

Patients
--------

This study included 166 consecutive patients with HCC confirmed by pathologic analyses who had undergone hepatic resection between January 2005 and December 2006 (resection group, *n* = 104) or liver transplantation between January 2005 and December 2008 (transplantation group, *n* = 62) at Kyoto University Hospital. In the transplantation group, 34 patients fulfilled the Milan criteria for transplantation, while 28 did not. The clinicopathological characteristics of the patients are summarized in [Supplemental Table 7](#S1){ref-type="supplementary-material"}. Tumor recurrence was investigated until patient death or the end of this study (March 31, 2014). During the follow-up time, 11 patients underwent resection of HCC metastatic region (lung, n = 6; adrenal gland, n = 2; bone, n = 1; brain, n = 1; lymph node, n = 1). Written informed consent for the use of resected tissue samples and collected blood samples was obtained from all patients in accordance with the Declaration of Helsinki, and this study was approved by the institutional review committee of our hospital (authorization number: E2126).

Construction of the transgene vector
------------------------------------

We generated a transgene plasmid vector that expressed enhanced green fluorescence protein (EGFP) under the control of the human SOX9 promoter. The promoter activity of the 5′-flanking region of the human SOX9 gene (from −1034 bp to +67 bp; the adenine of the ATG start codon was numbered as nucleotide 1), has been previously reported[@b48]. We amplified the human SOX9 promoter region from the genomic DNA of human mesenchymal stem cells by polymerase chain reaction (PCR), and subsequently ligated the promoter region with the *Bgl*II--*Hind*III-digested plasmid EGFP-1 (pEGFP1; BD Biosciences, Franklin Lakes, NJ, USA).

Generation of transgenic HCC cell lines
---------------------------------------

Human HCC cell lines (Huh7, HLF, PLC/PRF/5, and Hep3B) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) or Japanese Collection of Research Bioresources Cell Bank (JCRB, Osaka, Japan). All cell lines were authenticated by short tandem repeat profiling before receipt and were propagated for less than 6 months after resuscitation. The cells were cultured at 37 °C with 5% CO~2~ in Roswell Park Memorial Institute 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (ICN, Aurora, OH, USA), and penicillin/streptomycin (Meiji Seika, Tokyo, Japan).

The transgenic vector was transfected into cells using Lipofectamine LTX (Invitrogen), according to the manufacturer's protocol. Stably transfected cells were selected in the presence of 200 μg/mL G418 (Sigma, St Louis, MO, USA) over 30 days. The correct transgene insertion was confirmed by PCR and immunocytochemistry.

Further details are described in the [Supplemental Materials and Methods](#S1){ref-type="supplementary-material"}[@b49][@b50][@b51][@b52][@b53][@b54].
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![Cancer stem cell properties of SOX9^+^ Huh7 cells *in vitro*.\
(**A**) Single-cell culture of SOX9^+^ and SOX9^−^ Huh7 cells. FACS analyses revealed that isolated SOX9-EGFP^+^ cell differentiated both EGFP^+^ and EGFP^−^ cell fractions (middle panel), whereas isolated SOX9-EGFP^−^ cell only to EGFP^−^ cell fraction (right panel). (**B**) Cell proliferation assays showed SOX9^+^ cells proliferate more than SOX9^−^ cells (repeated-measures ANOVA, \*\**P* \< 0.01). (**C**) Microscopic appearance and the colony numbers in the anchorage-independent growth assay (Student's *t*-test, \**P* \< 0.05). (**D**) Phase-contrast images in the sphere-forming assay. (**E**) IC~50~ of 5-FU in SOX9^+^ and SOX9^−^ cells (left panel, *F*-test, \**P* \< 0.05) and qRT-PCR analyses of MRP5 in SOX9^+^ and SOX9^−^ cells (right panel, Student's *t*-test, \**P* \< 0.05).](srep30489-f1){#f1}

![Cancer stem cell properties of SOX9^+^ Huh7 cells *in vivo*.\
(**A**) Xenotransplantation of 1.0 × 10^4^ SOX9^+^ and SOX9^−^ cells in NOD/SCID mice, the formed tumor, and the tumor development of transplanted SOX9^+^ or SOX9^−^ cells (repeated-measures ANOVA, *P* = 0.09). Data are shown as the mean ± SD. (**B**) Tumor incidence in initial and serial transplantation. Note the higher incidence of tumor formation by SOX9^+^ cell transplantation (log-rank test, \*\**P* \< 0.01). (**C**) Immunohistochemical analysis of tumor. Note that SOX9^+^ and SOX9^−^ cells detected in SOX9^+^ cell-driven tumor. Scale bar represents 100 μm. (**D**) FACS analyses of dissociated tumor cells confirmed bi-potent differentiation ability conserved in serial transplantation of SOX9^+^ cells.](srep30489-f2){#f2}

![TGFb-induced EMT phenotype in SOX9^+^ Huh7 cells.\
(**A**) qRT-PCR analysis of TGFb receptors and EMT-related genes in SOX9^+^ and SOX9^−^ cells without TGFb stimulation (Student's *t*-test, \**P* \< 0.05). Data are shown as the mean ± SD. (**B**) Western blot analysis showed TGFb-induced pSmad2 upregulation in SOX9^+^ but not in SOX9^−^ cells (left panel), and regulation of TGFb-induced pSmad2 upregulation by SOX9 (middle and right panel). (**C**) Western blot analysis showed TGFb-induced pSmad2 upregulation in SOX9^+^ cells was suppressed by LY2109761 but not LY2157299. (**D**) qRT-PCR and western blot analyses showed elevation of snail1 and vimentin accompanied by E-cadherin downregulation, caused by TGFb stimulation in SOX9^+^ cells (Student's *t*-test, SOX9^+^ Huh7 cells; \**P* \< 0.05, SOX9^−^ Huh7 cells; not significant). Data are shown as the mean ± SD. (**E**) Wound-healing assay of SOX9^+^ and SOX9^−^ cells with TGFb stimulation (Student's *t*-test, \**P* \< 0.05). (**F**) Migration assay of SOX9^+^ and SOX9^−^ cells with TGFb stimulation (Student's *t*-test, \**P* \< 0.05).](srep30489-f3){#f3}

![SOX9 activates the Wnt/beta-catenin pathway in HLF and PLC/PRF/5 cells.\
(**A**) Beta-catenin staining. Note the nuclear localized, activated beta-catenin expression in the steady state SOX9^+^ cells (Control) and its reduction by SOX9 knockdown (KD-SOX9). Exogenously introduced SOX9 (EX-SOX9) accelerated beta-catenin activation in SOX9^−^ cells (Student's *t*-test, \**P* \< 0.05). Scale bar represents 100 μm. (**B**) TCF/LEF luciferase assay with SOX9-gain/loss of function experiments (Student's *t*-test, \**P* \< 0.05). (**C**) Cell proliferation assays with SOX9-gain/loss of function experiments (repeated-measures ANOVA, \**P* \< 0.05). (**D**) qRT-PCR analysis of cyclin D1 with SOX9-gain/loss of function experiments (Student's *t*-test, \**P* \< 0.05). Data are shown as the mean ± SD. KD-NC; control knockdown, KD-SOX9; SOX9 knockdown, EX-NC; control overexpression, EX-SOX9; SOX9 overexpression.](srep30489-f4){#f4}

![SOX9 regulates OPN expression in HLF and PLC/PRF/5 cells.\
(**A**) RT-PCR analysis of SOX9/OPN in HCC cell lines (left) and qRT-PCR analysis of OPN in SOX9^+^/SOX9^−^ HLF and PLC/PRF/5 cells (right, Student's *t*-test, \**P* \< 0.05). Data are shown as the mean ± SD. (**B**) Western blot analysis of SOX9 and OPN in SOX9^+^/SOX9^−^ cells with SOX9-gain/loss of function experiments revealed that SOX9 induced OPN expression. (**C**) Western blotting with OPN-gain/loss of function experiments showed that OPN did not regulate SOX9 expression. (**D--F**) OPN did not affect the Wnt/beta-catenin activity including nuclear-localization of beta-catenin, cell proliferation, and the expression of cyclin D1 (**D,F** Student's *t*-test, not significant, **E**; repeated-measures ANOVA, not significant). Scale bar represents 100 μm.](srep30489-f5){#f5}

![SOX9 and OPN expression in human HCC.\
(**A**) Representative pictures of SOX9-expressing tumor in the resection group (left) and two patients in the transplantation group (right). (**B**) High incidence of SOX9 expression from SOX9^+^ (left) and SOX9^−^ HCCs (right). (**C**) Recurrence-free survival rates. Note the significantly higher recurrence (log-rank test, \**P* = 0.027 in the resection group (left), \**P* = 0.044 in the transplantation group (right)). (**D**) Correlation between SOX9 expression and venous invasion (Fisher's exact test, resection group; \**P* = 0.032, transplantation group; \**P* = 0.037). (**E**) Serum levels and ROC curve evaluating the performance of serum OPN, AFP, and PIVKA-II levels in predicting SOX9 expression in HCC. Each line in left panel indicates median levels with 95% confidence interval (CI). SOX9^+^ patients had significantly higher serum OPN than SOX9^−^ patients (Mann-Whitney *U* test, \*\**P* \< 0.01). (**F**) Recurrence-free survival rates of 68 HCC patients in terms of serum level of OPN or AFP or PIVKA-II (log-rank test, OPN; \*\**P* \< 0.01, AFP; *P* = 0.73, PIVKA-II; *P* = 0.58). Scale bar represents 100 μm (**A,B**).](srep30489-f6){#f6}

###### Multivariate analysis of factors predicting postoperative prognosis.

  Variable                                                 Hazard Ratio (95% CI)   *P* value
  ------------------------------------------------------- ----------------------- -----------
  Postoperative recurrence in the resection group                                 
   SOX9 expression                                           1.71 (1.07--2.73)       0.025
   Portal invasion                                           1.95 (1.20--3.15)       0.007
   Liver cirrhosis                                           1.45 (0.90--2.37)       0.131
   Albumin (\<3.5 g/dl)                                      1.27 (0.68--2.37)       0.459
  Postoperative survival in the resection group                                   
   Albumin (\<3.5 g/dl)                                      2.45 (1.32--4.55)       0.005
   Portal invasion                                           2.11 (1.19--3.74)       0.011
   Liver cirrhosis                                           1.88 (1.04--3.39)       0.037
  Postoperative recurrence in the transplantation group                           
   SOX9 expression                                           10.3 (1.18--89.9)       0.035
   Poorly differentiated                                     5.86 (0.82--41.8)       0.078
   Portal invasion                                                  NA               0.94
  Postoperative survival in the transplantation group                             
   Portal invasion                                           5.54 (1.25--24.6)       0.024
   Poorly differentiated                                     2.01 (0.46--8.81)       0.36

Abbreviation: SOX9, sex determining region Y-box 9; CI, confidence interval; NA, not available.
